Intracellular reactive sulfur species play important roles in physiological and pathological processes. Emerging evidences suggest that sulfane sulfur instead of H 2 S is the actual signaling molecule in these processes. Sulfane sulfur can be generated as a result of the reaction between O 2 $À and H 2 S in mitochondria. Therefore, we develop a near-infrared mitochondria-targeting probe that allows multiresponse to O 2 $À and H 2 S n successively for investigating this biosynthetic reaction. The probe exhibits highly selective fluorescent response to O 2 $À and H 2 S n successively in presence of potential biological interferants. Fluorescent imaging studies and flow cytometry analysis of RAW264.7 cells elaborate that the probe can be used to reveal the continuous process of O 2 $À burst and H 2 S n production in situ and in realtime. The mitochondria isolation indicates that the probe can specifically localize in mitochondria. Finally, the fluorescent probe has been successfully applied to detect O 2 $À and H 2 S n in mice.
Introduction
The intracellular reactive sulfur species is a general term for sulfur-containing biomolecules which assumes critical responsibilities for physiological and pathological processes in vivo [1e8]. Among those biomolecules, H 2 S has been known as the third gasotransmitter [9, 10] . However, the existence of this gas in cells should be controlled closely, because the abnormal level of H 2 S will cause potential adverse effects to mitochondrial respiration, and then many diseases may be induce [11, 12] . Therefore, the sulfurrelevant cell signaling processes should depend on the rapid H 2 S metabolism via biochemical pathways. It is reported that the endogenous H 2 S metabolism can be balanced through oxygendependent sulfane sulfur production in mitochondria [13, 14] . Sulfane sulfur are an uncharged form of sulfur (S 0 ) with six valence electrons, which can be reversibly attached to proteins via covalent bond between S 0 and other sulfur atoms [11, 12, 15] . They are mainly present in hydrogen polysulfides (HeS n eSH, n ! 1), alkyl hydropersulfide (ReSSH), alkyl hydropolysulfides (ReS n eSH, n ! 1), alkyl polysulfides (ReSeS n eSeR, n ! 1), and elemental sulfur (S 8 ).
Compared with H 2 S, sulfane sulfur exhibit low cytotoxicity in biological systems. It is possible that H 2 S produced by enzymes will be immediately converted into sulfane sulfur and stably stored in cells for the further signaling regulation [16] . Additionally, emerging evidences suggest that the actual signaling molecules in vivo are sulfane sulfur rather than H 2 S [13e15]. However, the biosynthetic pathways and biofunctions of sulfane sulfur are still under investigation. Some recent examinations imply that sulfane sulfur can be derived from H 2 S in presence of reactive oxygen species (ROS) [17e19] . As the base composition of sulfane sulfur, H 2 S n are involved in cytoprotective processes and redox signaling. Moreover, the species can be considered as the redox forms of H 2 S [20, 21] . Mitochondria are main production source of ROS. During the process of mitochondrial respiration, a small portion of oxygen (0.1%e4%) is always reduced to superoxide anion ðO 2 $À Þ by electrons leak from respiratory chain. Subsequently, O 2 $À can be converted into other ROS enzymatically or non-enzymically, which indicates that the concentration of O 2 $À can reflect the levels of other ROS [22] . In cells, the mitochondria fraction contains approximately 60% of bound sulfane sulfur [16] . We hypothesize that the mitochondria-targeting H 2 S n production may benefit from O 2 $À , although the real situation remains to be elucidated. In order to comprehend the production of H 2 S n in presence of O 2 $À , it is essential to develop new analytical methods for the direct detection of intracellular O 2 $À /H 2 S n in situ and in real-time. [37, 48] . All above influencing factors may limit the spatial dimensions for intracellular application and make the probe unsuitable for quantitative analysis [48] . In order to achieve better fluorescent imaging, the development of excellent fluorescent probes is urgently required. 
Materials and methods

Synthesis of probe
Scheme 2 outlined the synthetic procedures of the probe HCy-FN. Ketone cyanine 3 (Keto-Cy) was derivative from a nearinfrared (NIR) heptamethine cyanine dye Cy.7.Cl [49] . After the acyl-chlorination, 2-fluoro-5-nitrobenzoic acid was converted to 2-fluoro-5-nitrobenzoyl chloride in hydrous CH 2 Cl 2 at 25 C. The solvent was evaporated immediately, and then Keto-Cy was added to continue alcoholysis. The reaction product was afforded as 2 (Cy-FN). The iminium cations of Cy-FN could be reduced with NaBH 4 to produce the final product 1 hydroCy-FN (HCy-FN) [50] . The synthetic details of these compounds were shown in the Supporting Information (SI). detection [27, 51, 52] , the other is bis-electrophilic reaction for H 2 S n detection [7,8,28e32 ]. We choose near-infrared (NIR) heptamethine cyanine (Cy) as signal transducer because the iminium cations of this fluorophore platform can be reduced to hydrocyanine for the further O 2 $À detection. Furthermore, the absorption and emission of fluorophore which locate in the NIR region will be more suitable for the in vivo detection, because the NIR absorption and emission profiles can maximize tissue penetration while minimizing the absorbance of heme in hemoglobin and myoglobin, water, and lipids [53, 54] . Next, we select nitro-activated fluorobenzoiate as fluorescent modulator since the bis-electrophilic center existed in this group can be used for trapping H 2 S n , the direct redox form of H 2 S, which may act as the initial reactive polysulfide species in cells [14, 15, 55, 56] . Our design outline for intracellular O 2 $À /H 2 S n detection was illustrated in Scheme 1. The fluorescent probe HCy-FN functioned by modulating the polymethine p-electron system via conjugation [57, 58] for O 2 $À detection and by the removal of certain trigger moiety, nitroactivated fluorobenzoiate, for H 2 S n detection.
Imagings in cells and mice
Fluorescence response to O 2 $À and H 2 S 2
H 2 S n are composed of a series of hydrogen polysulfides species [20, 21] . There exists a dynamic distribution of these hydrogen polysulfides species under certain pH condition (Scheme 1). Taking all these factors into account, we attempted to pick out hydrogen disulfide (H 2 S 2 ) as the testing target since this simple hydrogen polysulfides undergone bis-electrophilic reaction more unambiguously.
We checked the spectroscopic response of our probe under simulated physiological conditions (10 mM HEPES pH 7.4). The spectral properties of the compounds (1e3) were summarized in Table 1 . As shown in Figs. S4eS10, our probe could detect the changes of the concentration of O 2 $À /H 2 S n under the given range, which revealed the ability of our probe for the selective and sensitive detection of O 2 $À /H 2 S n potentially in cells (see SI).
Monitoring H 2 S n formation between ROS and H 2 S
Although the biosynthetic pathways of H 2 S n are far from abundantly clear, more and more research results suggest that they can be derived from H 2 S in the presence of ROS [17e28]. Next, we discussed the capability of our probe HCy-FN for real-time detecting H 2 S n generation from the reaction between H 2 S and ROS. The fluorescence signal were recorded from channel 1: 794 nm (l ex ¼ 750 nm) and channel 2: 625 nm (l ex ¼ 535 nm) synergistically. As shown in Fig. 1 , the addition of O 2 $À (50 mM) into HCy-FN (5 mM) solution triggered the fluorescent switch on efficaciously within 3 min (channel 1). The fluorescence of channel 2 showed no response. Then NaHS (50 mM) was added, the fluorescence intensity of channel 1 decreased gradually and channel 2 gave some increase during 10 min. We attributed the fluorescence changes of channel 2 to the generation of H 2 S n from H 2 S in presence of O 2 $À . However, the chemical synthetic pathway is so slow that it may not consistent with the biofunction of H 2 S n because these reactive sulfur species only play their physiological roles under a narrow concentration within a short time. It is reported that glutathione peroxidase (GPx) can eliminate ROS through depleting reducing thiols, such as GSH and Cys. There are evidences suggest that GPx can also scavenge ROS by utilizing H 2 S to produce H 2 S n [65e68]. Subsequently, we added GPx (500 U/L) as catalyst to accelerate the reaction rate. As expected, the channel 1 and channel 2 exhibited quick changes in fluorescence intensity upon the reaction of H 2 S n . The fluorescence intensity of channel 2 could reach saturation within 15 min, which indicated that H 2 S n might be produced by the enzymes involved reaction between O 2 $À and H 2 S. These results demonstrated that our probe HCy-FN possessed the capability of bioimaging. The dual-channel images were constructed via fluorescence collection windows: from 750 to 800 nm (channel 1) and from 610 to 700 nm (channel 2). In the control group, all the two cassette channels displayed faint fluorescence (Fig. 2 Fig. 2 Row 3 ). As continued, the fluorescence of channel 1 quenched gradually, and the fluorescence of channel 2 increased steadily ( Fig. 2 Row 4) . We also tested that Cy-FN had no response to NaHS (Fig. S13) . The mean fluorescence intensity of each condition shown in Fig. S12 was also quantified in histogram to allow for direct comparisons. We also performed flow cytometry assay to further confirm the fluorescence increase in living cells. As indicated in Fig. 2 , the results which obtained from flow cytometry analysis were well consistent with those of confocal fluorescence microscopy. 
Detection of O 2 $À and H 2 S n in mitochondria
Mitochondria are indispensable for energy production, which strangle the main thoroughfare for the survival of aerobic organisms. Mitochondria also hold both vital and pivotal functions in physiological and pathological issues [65] . Endogenous O 2 $À is inevitably induced by oxygen during electrons leak from respiratory chain [22] . O 2 $À in real time. The multicolor colocalization method that based on the simultaneous acquisition and analysis of spectrally separated images can measure molecular distances with accuracy better than 10 nm [67] . Firstly, we employed the colocalization method to verify HCy-FN functioned in mitochondria. The costaining dyes were a mitochondria tracker rhodamine 123 and a DNA marker Hoechst 33342. RAW264.7 cells were loaded with 1 mg/mL Hoechst 33342 for 30 min, 1 mM HCy-FN and 1 mg/mL rhodamine 123 for 15 min. After washed with RPMI-1640, the cells were treated with PMA (10 nM) for 30 min to induce O 2 $À burst. The spectrally separated images acquired from the three dyes were estimated using Image-Pro Plus software (Fig. 3) . The images of Cy-FN and rhodamine 123 (Fig. 3a and b) merged well ( Fig. 3d and e) . We obtained the Pearson's coefficient Rr ¼ 0.98 and the Manders' coefficients m 1 ¼ 0.99, m 2 ¼ 0.98. The intensity profiles of the linear regions of interest across RAW264.7 cells costained with Cy-FN and rhodamine 123 (red arrow in Fig. 3e) were depicting a full synchrony (Fig. 3f) . Hoechst 33342 offered a clear sublocation in the nucleus. Next we performed intensity correlation analysis of the dyads for parts a, b and c of Fig. 3 . We counted the intensity of stain color-pair for each pixel to demonstrate the intensity distribution of the two colocalization dyes. As shown in Fig. 3gei , only the costaining Cy-FN against rhodamine 123 illustrated a highly correlated plot. Flow cytometry analysis of mitochondrial isolation for the stimulated macrophages were also performed as secondary evidence of the fluorescent signal changes in mitochondria (Fig. S16) . All of these results confirmed that our probe could specifically localize in mitochondria. And our probe also indicated a potentially powerful approach for real-time imaging mitochondrial O 2 $À changes in cells. We next investigated whether HCy-FN could measure mitochondrial H 2 S n levels derived from cystathionine g-lyase (CSE) in presence of O 2 $À , which might be a biosynthesis approach in cells.
CSE is the major enzyme that catalyzes H 2 S production in cells. Macrophages can overexpress the H 2 S-forming enzyme when stimulated by lipopolysaccharide (LPS) [68] . The cells in Fig. 4 were incubated with 1 mM HCy-FN for 15 min under 37 C. After washed with RPMI-1640, the cells were treated with PMA (10 nM) for 30 min to induce the mitochondrial oxidative stress. As expected, channel 1 exhibited an increasing in fluorescence response due to the existence of O 2 $À (Fig. 4 Row 1) . The same cells were next incubated with LPS (1 mg/ml) for 6 h to induce CSE mRNA and protein expression for promoting the initial H 2 S production in RAW264.7 cells. Fluorescence images manifested evident changes in two collected channels as the probe next sensed H 2 S n ( Fig. 4 Row 2). The time dependent intensities of the two channels were observed during 6 h and were presented as histogram (Fig. 4L ). The colocalization with rhodamine 123 suggested our probe could detect H 2 S n in mitochondria. The cells were pretreated by the CSE inhibitor, DL-propargylglycine, giving much weaker fluorescence response in channel 2 (Fig. S18) . Flow cytometry analysis and mitochondrial isolation for the stimulated macrophages were also performed to confirm the fluorescent signal changes (Fig. 4) . Above results demonstrated that our probe could selectively multirespond to the potential mitochondrial redox signaling process between O 2 $À and H 2 S n in real time and in situ. With the consequence obtained from cell research in hand, we strongly suggested that our NIR probe would be favorable for the potential of being used to image O 2 $À and H 2 S n in vivo successively.
We utilized BALB/c mice as biological models to assess this issue. The mice were injected into intraperitoneal (i.p.) cavity with our probe, and then the changes of fluorescence imaging were observed using an in vivo imaging system (Bruker). The mice in acetonitrile/saline v/v) displayed low signal intensity in two channels. Another group mice were loaded with 1 mM HCy-FN for 0.5 h, then the mice were injected i.p. with PMA (100 nM, 100 mL in 1:9 acetonitrile/saline v/v) for 0.5 h. Channel 1 emanated strong fluorescence from inside of the mice body (Fig. 6b) as the probe had detected O 2 $À . Moreover, when the mice were then treated with LPS (10 mg/mL, 100 mL in 1:9 acetonitrile/saline v/v) for the next 12 h, a dramatically decreasing intensity fluorescence image in Channel 1, and a notable increasing fluorescence image was observed in Channel 2 ( Fig. 6c) , which implied the production of H 2 S n in presence of O 2 $À . Fig. 6d listed the quantification of mean fluorescence intensity for each condition shown in parts aec of Fig. 6 . These results indicated that probe HCy-FN could be employed to directly detect O 2 $À and H 2 S n successively in living animals, which revealed the latent advantage of the new multiresponse near-infrared fluorescent probe.
Conclusions
In summary, we develop a multiresponse near-infrared fluorescent probe for the detection of O 2 $À and H 2 S n successively with dual fluorescence response channel. We confirmed that H 2 S n can be derived from H 2 S in the presence of O 2 $À , which is considered to be a potential direct biosynthetic pathway for H 2 S n in cells. The mitochondria-targeting probe also exhibits highly selective response to O 2 $À and H 2 S n against other biological ROS and reactive sulfur species interferants. Fluorescence confocal microscopic imaging for the RAW264.7 cells illustrated that our probe can be used to investigate the process of O 2 $À burst and H 2 S n production in situ and in real-time. Flow cytometry analysis for cell experiments further confirm the bioimaging results. Finally, we successfully apply the probe to detect O 2 $À and H 2 S n in mice. The results of our efforts highlight that the multiresponse probe can be used as a direct chemical tool for the detection of O 2 $À and H 2 S n in cells and in mice.
